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ABSTRACT 
 
The next generation air breathing engine that would enable an alternative to conventional air 
travel or suborbital flight is the supersonic ramjet engine (SCRAM) which requires a highly 
accelerated rate of fuel mixing and combustion. For this type of engine, one of the improvement 
opportunities lies in the injection of the fuel into the supersonic flow inside the combustor. In 
order to determine the flow field that develops when a sonic jet of secondary gas is injected into 
a supersonic free stream, a dedicated test section was developed which was attached to the 
existing supersonic wind tunnel at the University of Central Florida. A Schlieren system was 
developed to visualize the associated flow fields and to provide a tool for future high-speed 
aerodynamic research. Mixing of a cross flow jet with a supersonic free stream is a topic of 
interest in the field of hypersonic air travel. In addition to a description and analysis of the 
resultant data, this thesis also serves as a reference for future research and work done with the 
UCF supersonic wind tunnel and the Schlieren system. The results agree with the literature, and 
the Schlieren images obtained show the associated shock and flow structures that are expected 
with a jet in cross flow. 
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CHAPTER ONE: INTRODUCTION 
 
This thesis outlines the procedure of developing a test methodology and flow visualization 
technique for a qualitative analysis of a jet in supersonic cross flow. The facility used in this 
experiment was the 4 inch by 4 inch test section supersonic wind tunnel at the University of 
Central Florida. In addition to describing the setup for this specific experiment, the operation of 
the supersonic wind tunnel and the set up and use of a Schlieren flow visualization system are 
described. This thesis and related experiment has determined the effectiveness of the flow 
visualization setup by comparing the results of current experiments conducted as part of this 
work with historical data from previous experiments and analytical models. Although the focus 
in this thesis is on the current experiment of injecting a jet into supersonic cross flow, the 
techniques outlined can be applied to several different experiments involving supersonic flow. 
 
Supersonic Flow And Its Application To Modern Air Travel 
 
Hypersonic Air Travel is one of the goals that the aerospace engineering community is trying to 
achieve. Speeds in excess of Mach 5 are common in missile and rocket flight, but they are 
usually only achieved using rocket engines which rely on carrying both fuel and oxidizer on 
board and thus are limited by size and payload that can be carried. Air breathing engines on the 
other hand are at an advantage since only the fuel has to be carried, while the oxidizer is drawn 
from the ambient air. The limiting factor for a conventional air breathing engine is the maximum 
speed it can achieve. Currently the fastest air breathing manned airplane was the SR71 which 
attained a speed of Mach 3+ using a ramjet engine [1].  
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A different type of engine was developed which would efficiently operate at higher flight 
Mach numbers and which would rely on supersonic flow inside the engine itself, the supersonic 
combustion ramjet engine (SCRAM). This type of engine is still in the experimental stage since 
in its current configuration the SCRAM jet can only operate at speeds in excess of Mach 5. This 
means that a secondary means of propulsion is required to accelerate the engine to its designed 
flight speed. Research is currently underway to develop an engine that can operate at both 
subsonic and supersonic combustion speed.  
 
Application to Jet Research 
 
Mixing of secondary jets in supersonic flow has become a topic of interest in many fields of 
fluids-related engineering. One of the main applications is the supersonic combustion ram 
engine. Modern aircraft use essentially two basic types of jet engines, the Ramjet or the Turbojet. 
The difference between these types of engines is the means of compression of the inlet air. For 
efficient combustion, the inlet air has to be compressed prior to mixing with the fuel and 
subsequent combustion. The thrust for both types of engines results from the expansion of the 
hot gasses through the nozzle. 
3 
Turbojet 
 
A typical jet engine uses rotating turbomachinery to compress ambient air, and then subsequently 
this compressed air is mixed with a fuel and burned. Figure 1 [2] shows a schematic of a typical 
turbojet engine. The resulting high-temperature and high-pressure gas is expanded through an 
additional set of turbine blades downstream of the combustor to draw the required energy from 
the thrust flow to compress the incoming air [3]. 
 
 
Figure 1 Typical Turbojet [2]  
 
Ram Jet 
 
A ramjet engine avoids the necessity of rotating components and relies on the pressure rise by 
means of slowing down the supersonic inlet flow to a Mach number of approximately 0.2-0.3 
this results despite losses across the shocks in a static pressure rise which is sufficient for an 
efficient combustion. Figure 2 [2] shows the schematic of a ram jet engine, one drawback of such 
an engine is that the diffuser geometry for efficient combustion is limited to a specific Mach 
number at the inlet; this means that the geometry must be varied to obtain efficient combustion at 
different Mach numbers. [2] 
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Figure 2 Typical Ram Jet [2] 
 
SCRAM Jet 
 
In order to achieve higher speeds, the ramjet combustion can also be driven at supersonic 
velocity inside the combustor. That means that the inlet air is at such a high Mach number that 
even after entering the combustor inlet and after being slowed down in the diffuser, the flow is 
still supersonic. This condition means that compression, mixing, combustion and expansion all 
take place at supersonic velocity inside the engine. Since the combustion in a SCRAM jet occurs 
while the fluid moves with M>1, the mixing and combustion have to occur at a much quicker 
rate than in conventional jet engines. This places great constraints on the engine since the limited 
length of the engine/aircraft requires the entire process to happen extremely fast. A conceptual 
image of a SCRAM jet engine is shown in Fig. 3[3]. 
No premixing is possible since the temperature of the incoming fluid (air) is above the 
ignition temperature of the fuel [4]. Fuels being investigated for SCRAM jet engines are 
conventional jet fuel and liquid hydrogen. 
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In order to improve the design of an effective SCRAM jet engine, one of the goals is to 
accurately measure and/or calculate the flow behavior of a jet injected into supersonic flow. This 
knowledge will enable the user to determine the level of mixing of the jet with the main flow and 
determine the most effective mixing of the fuel (jet) with the supersonic flow [3,4]. 
 
 
Figure 3 Image of SCRAM Jet engine [3] 
 
The constraints that are imposed on the efficient function of a SCRAM jet engine require a 
proficient design process in order to develop an engine that performs well. Since the flow 
through a SCRAM jet is highly complex the ability to predict and influence the flow process is 
an invaluable tool in the design process. The process of mixing and combustion at supersonic 
flow speeds has to overcome several obstacles; the residence time is minimal since the length of 
the engine is limited. Additionally the mixing process for two flows across a supersonic shear 
layer as is present between the jet and the cross flow is greatly reduced [5]. Furthermore, the 
actual process of enhancing the mixing process is not fully understood and the designer has to 
rely on experimental data and empirical relations to aid in the development process.  
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Several flow visualization techniques are available to aid in the research and development of 
supersonic combustion. One of the processes that is important in a supersonic combustor is the 
injection and mixing of fuel with the supersonic intake air, since the injection process is identical 
to a jet in cross flow, the analysis of such a process aids in the understanding and further 
improvement of supersonic combustion.  
This thesis outlines the procedure of running the UCF supersonic wind tunnel and the 
development of a Schlieren system capable of visualizing the flow features associated with a jet 
in cross flow. Also the experimental procedure of injecting such a jet into a supersonic flow is 
outlined. The results are then evaluated to determine the effectiveness of the applied procedures.  
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CHAPTER TWO: LITERATURE REVIEW 
 
As mentioned in Chapter One, the development and improvement of a SCRAM jet engine has 
been a topic of interest since the early sixties, and a large amount of research exists which deals 
with different aspects and problems that lie in the development of a functional SCRAM jet. One 
of the most critical aspects of such an engine is a jet in supersonic cross flow because the fuel 
has to be injected into the main airstream in such a manner. Several studies have focused on the 
flow structure of a jet in cross flow and how to predict and control its behavior. The main factor 
that affects mixing is the interface area of the injected jet with the main airstream. The focus of 
this thesis is to demonstrate a technique for investigating how well the developed flow 
visualization technique for a jet in cross flow works in order to determine the penetration depth 
of the injectant into the free stream. Provided in this chapter is a literature review outlining 
background information on jets in a supersonic cross flow. 
 
Structures Of The Supersonic Cross Flow 
 
 As a jet is exhausted into a supersonic free stream, it is rapidly deflected downstream by the 
momentum exchange with the main flow and the associated mixing. A complicated shock 
structure develops around the injection point. Figure 4[6] shows a 3D-view representation of 
how the jet is bent downstream and a pair of horseshoe vortices develops around the injectant 
plume. As the jet exits the orifice a pair of counter-rotating vortices develops. These vortices 
increase the interfacial area between the jet and free stream and thus contribute to the mixing of 
the jet and free stream [6]. 
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The structures and their dependency on jet shape were also analyzed in another 
experiment by Gruber et al. Using Rayleigh/Mie scattering an ensemble of images was obtained 
that provided both end and side view images of the interaction. The images show clearly the 
streamwise-oriented counter rotating vortex pair which is the most dominant feature in the jet 
cross section. [7] 
 
 
Figure 4 3-D View of Jet Injection [6] 
 
The 2-D view of a cross flow injection in Fig. 5 [8] shows the principle features, which 
consist of a weak boundary layer separation shock, a barrel-like shock structure which terminates 
in a Mach disk, and an expansion-mixing region downstream of the Mach disk. The height of the 
Mach disk has been correlated to a function of the Mach number of the free stream, the jet exit 
diameter, and the ratio between the jet sonic pressure and the back pressure just downstream of 
the Mach disk [8]. 
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Figure 5 2-D Shock Structure [8] 
 
Improving Mixing 
 
Studies of the compressible free shear layer between two gasses have clarified that the 
compressibility characterized by the convective Mach number Mc causes poor mixing compared 
to incompressible flow [5]. The convective Mach number can be described as the relative Mach 
number of a disturbance in the shear layer between two streams. The development of the 
convective Mach number is based upon a frame of reference moving with the convected, large 
scale structures in a free shear layer. Messersmith et al. give a correlation based on historical 
experimental results which relate the growth rate of the free shear layer to the convective Mach 
number [9]. One of the problems of mixing between the jet and the mainstream is the inability of 
the supersonic shear layers to undergo sustained growth [4] and the decrease in the growth rate 
of shear layer instabilities with increasing Mach number.  
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This reduced growth rate is due to compressibility influence upon turbulent free mixing which is 
a major effect and available data indicate a factor of 3 reduction in mixing rate between Mach 
numbers 1 and 5, the typical scramjet combustor conditions [10].  
Mixing can occur in two modes between the two flows, through molecular diffusion at 
the fluid interface and through gross stirring between the two flows [11].  
Several approaches have been developed and tested in an effort to improve the mixing of a 
secondary injection (fuel) into the supersonic mainstream. Such enhancement is required for 
instability/transition tripping of the high speed shear layer between the mainstream and the 
injected flow, the initial turbulent mixing region and for mixing in the combustion/reaction 
regions [10]. Madden et al. [12] give a summary of methods such as varying injection angle and 
a combination of several jets with tangential and normal injection. Menon investigated the 
interaction of a shock wave with the turbulent shear layer between the two flows and how the 
turbulence and vortex fluctuations could be amplified. [4]  
Another approach by Hermanson et al. investigated the potential for achieving high levels 
of fuel dispersion by exploiting the violent disruption and vaporization of pressurized fluids that 
become superheated and flash-vaporize upon injection into a supersonic flow. [9].  
One of the parameters that characterize the mixing of the two streams is the jet-to-free 
stream momentum ratio [12]. Several studies have investigated how the ratio between the free 
stream and injectant momentum affects the penetration depth of the jet. As the ratio increases, 
large-scale turbulence is increased and as a result the jet penetrates further into the free stream 
which has a positive effect on the mixedness of the two gasses [11].  
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The momentum ratio given in Eq. 1[11] is based upon the free stream Mach number and that of 
the jet as well as the static pressures and specific heat ratios of both flows.  
2
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Model Of Penetration Height 
 
An analytical model of the height of the jet penetration has been developed based on the blunt-
body Newtonian limit. The resulting equation, Eq. 2, predicts the height reasonably well in the 
near field of the injection point but fails to give agreeable results in the downstream far field 
[13]. The parameters used are the height of the jet as a function of the distance from the jet exit 
both length values are scaled by the momentum flux ratio between the free stream and the jet and 
the jet diameter: 
 
|)1(|cosh1)1()1(|log)( 12 XXXXF +=−+++= −  
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Another equation, Equation 3[13], that was used to compare the validity of the analytical 
solution is the following equation based on a correlation of empirical data [13]. The parameters 
in the equation are the jet diameter d*, the jet penetration depth h*, the injection angle βJ, and the 
momentum flux ratio between the jet and the free stream. 
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(3) 
A further parameter which defines the flow structure of a jet exhausting into supersonic 
flow is the separation length. This is the distance between the point of boundary layer separation 
upstream on the jet and the point where the boundary layer reattaches downstream of the 
injection point. Both the penetration height and the separation length are parameters that are 
strongly affected by the total pressure ratio between the jet and the free stream [14]. 
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CHAPTER THREE: METHODOLOGY 
 
This section outlines the procedures and facilities used during this experiment; a description of 
the supersonic wind tunnel outlines the facilities and gives a functional overview of the flow 
process. Also a description of the flow visualization method using the Schlieren setup is given. 
Furthermore, an overview of the data acquisition system which records the pressures and 
temperature of interest is provided.  
 
The UCF Supersonic Wind Tunnel 
 
The UCF supersonic wind tunnel was initially installed in 1973 in the Physics building. Initial 
calibration of the tunnel was performed by Mr. James K Beck as part of his Master’s thesis [15], 
and in the same document, a functional description of the tunnel is also given. Very little further 
documentation is available since no manufacturer’s documentation or drawings are available. In 
Spring 2002, the system was moved to its present location in Building 44 and refurbished as part 
of an undergraduate project, but it was left in non-working condition. A detailed report of the 
refurbishment is available [16]. In the Fall of 2002, as part of the author’s senior design project, 
the wind tunnel was reassembled to fully functional condition. 
The UCF supersonic wind tunnel was used in the present experiments and is a blow-
down type tunnel with a 4 inch by 4 inch test section. This type of supersonic wind tunnel uses a 
large amount of compressed gas which is expanded through a converging-diverging nozzle. A 
control valve controlled by a solenoid valve provides a preset pressure to the settling chamber 
upstream of the nozzle section.  
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At the throat of the nozzle, the flow becomes choked and then accelerates through the diverging 
section. The final velocity of the flow is determined by the area ratio between the throat and the 
test section. This wind tunnel features an adjustable nozzle section which enables the user to 
adjust the Mach number of the flow in the test section between M=1.5 and M=5. A general 
overview of the components is given in Fig. 6.  
 
 
Figure 6 Tunnel Schematic 
 
Facilities 
 
The main components of the supersonic wind tunnel are outlined in this section. Prior to setting 
up any demonstrations or experiments using this facility, a high level of familiarity should be 
achieved with each component. Large amounts of compressed air are being used, and all 
available safety precautions should be observed. 
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Compressor 
 
The compressor which supplies the supersonic tunnel is located on the north-west corner on the 
outside of Building 44. Since multiple test setups in Building 44 are tied to the compressor, it 
should be verified that all other applicable test setups are properly configured prior to 
pressurizing the system. Additionally, the system should be drained of condensation prior to 
turning on the compressor; two valves are available for that, one on the surge chamber directly 
adjacent to the compressor, and one on the bottom of the large storage tank at the building side 
of the tank. 
The compressor is controlled via an interface panel located next to the motor with a run 
stop rotary switch and a start push button. The control panel features an automatic cutoff which 
will shut down the compressor when the pressure in the storage tank reaches 230 psig; the motor 
will continue to run but the compressor will disengage until the pressure drops to approximately 
200 psig, at which point the compressor will reengage.  
 
Dryer  
 
Since the process of expanding compressed air thorough a converging-diverging nozzle 
drastically drops the static temperature of the air, any moisture in the air will condense and form 
droplets or even ice particles which will disturb the flow. It is therefore important that as much 
moisture is drawn from the supply air as possible before it enters the storage tank. For this 
purpose, a dryer is put between the compressor and the storage tank. A refrigeration cycle cools 
the air after it leaves the compressor, and the condensation is drained from the system.  
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To ensure that the least amount of moisture is present in the supply air, the dryer should be 
turned on and reach operating temperature prior to running the compressor. The drainage hose 
attached to the dryer should be routed to either a sink or the outside of the building. Since 
compressed air is used to drain the water, it is preferable to route the hose outside since loud 
venting occurs during the drain cycles. The control features of the dryer allow for adjustment of 
refrigeration temperature and to operate the drain manually. The temperature should be set to 0 
degrees Celsius (32 Fahrenheit); the drain solenoid is on an automatic cycle and does not require 
manual operation. 
 
Control Panel 
 
The control panel of the tunnel is mostly inoperative; the original build featured a control and 
measuring mechanism for adjustment of the model height and angle of attack as well as a force 
balance to measure forces on the model during a test run. The large analog gages are 
disconnected with exception to the tank supply pressure and the settling chamber pressure 
readout; at the current time, all gages are out of calibration and should not be relied upon for 
exact measurements. The functioning section of the panel is limited to the on/off key, the control 
valve supply regulator, the supply solenoid, the timer and the run/stop control buttons on the 
panel itself as well as on the remote controller. 
17 
 
Control Valve 
 
The tunnel is controlled by a 4-inch valve which itself is pneumatically controlled by an electric 
solenoid. The solenoid pressurizes a control assembly which shuttles the 4-inch valve based on 
the pressure differential between the settling chamber and the pressure of the solenoid output. A 
regulator upstream of the solenoid enables the user to adjust the pressure output by the solenoid. 
In this way, the user can set the desired pressure in the settling chamber, which if losses are 
ignored can be assumed to be the stagnation pressure of the flow. 
 
Nozzle Section 
 
The Mach number of the flow through the tunnel is controlled by the area ratio between the test 
section where the desired flow speed is achieved and the adjustable nozzle section, shown in  
Fig. 7, downstream of the settling chamber. In this facility, the area of the throat is adjusted by 
deflecting the nozzle plates by way of a hand crank and screw mechanism to change the distance 
between the nozzle plates at the throat. The maximum height to which the throat can be set is 4 
inches. While the throat can be closed to a zero clearance, this should be avoided since damage 
to the nozzle plates could occur which would cause improper flow at this critical section of the 
tunnel. 
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Figure 7 Nozzle Section 
 
Original Test Section 
 
The tunnel has a build-in test section with a removable, adjustable sting assembly where 
different types of models can be mounted, see Fig. 8. The mount can be adjusted to vary the 
angle of attack of the model and change the vertical displacement of the model in the test section. 
The purpose of adjusting the height is to ensure that with a different angle of attack, the model 
can be maintained centered in the test section to avoid any undesired boundary effects that would 
occur at steep angles of attack. To change the angle of the model with respect to the airflow, the 
tunnel has to be opened by removing four clevis pins and sliding the diffuser and adjustable test 
section toward the silencer. The test section and diffuser are mounted on a rail system that 
permits moving the test section and diffuser assembly approximately 1.5 feet toward the silencer 
to provide access to the model. 
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 Several precautions should be taken before the tunnel/test section is opened since large 
amounts of pressurized air are implemented (refer to the operation of the UCF supersonic wind 
tunnel section in Appendix A for the proper procedure). Once the test section is opened, the 
model can be changed and the angle/height may be adjusted. The model holder is built in such a 
way that pressure lines can be routed from the model through the holder out of the test section in 
order to measure the pressure at various points on the model if the model is equipped with 
pressure taps.  
 
 
Figure 8 Original Test Section 
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New Test Section 
 
In order to investigate the behavior and mixing of a jet in cross flow, a new test section had to be 
developed. The original test section did not feature any provisions for injecting secondary gas 
into the free stream. Therefore, the original test section was modified by removing the adjustable 
model holder and replacing it with a custom-built test section. This test section consists of 14-
inch long straight channel with two BK-7, 1.5-inch thick glass windows, an aluminum top, and a 
removable aluminum bottom section. The bottom section features four pressure taps for 
measuring static pressure downstream of a removable injector orifice (Fig. 9). Drawings of the 
parts for the new test section are provided in Appendix B.  
 
 
Figure 9 Model of the New Test Section 
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Function Of The Tunnel 
 
The blowdown type of supersonic wind tunnel uses a converging-diverging nozzle to accelerate 
an air stream to supersonic speeds by establishing a pressure drop across the nozzle which 
ensures that the throat of the nozzle becomes choked. The area ratio between the adjustable 
nozzle and the test section gives the maximum possible Mach number of the flow based on no 
losses. The following relation (Eq. 4) [17] gives the isentropic correlation of area ratio to Mach 
number for a converging diverging nozzle:  
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The above calculation is based on an ideal isentropic flow [17], but geometric irregularities in the 
tunnel result in shocks and expansion waves between the throat and the test section which give 
rise to a loss of total/stagnation pressure. The actual result is a Mach number at the test section 
that would be lower, than the value calculated based on the area ratio. A way to exactly 
determine the velocity of the flow at the point of interest is to measure the stagnation pressure 
and the static pressure at that location, this way the losses due to non-idealities are accounted for 
and the Mach number can be calculated based on the isentropic relationship between stagnation 
and static pressure using (Eq. 5) [17]. 
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 Since the stagnation pressure of the flow is also subject to losses, to precisely determine the 
Mach number the stagnation pressure has to be taken at the point of interest. This may be 
achieved using a pressure probe oriented perpendicular to the flow. This again will subject the 
flow to a disturbance which alters the characteristics of the experiment. Another means of 
determining the Mach number in the test section is to place a model in the test section and 
measure the shock angle caused by the model. A correlation between the model geometry and 
the resulting shock angle then can be used to determine the velocity of the stream. This method 
can only be used to determine the Mach based on the geometric setup of the tunnel since the 
shock angle method cannot be run in parallel with the injection since the introduction of the 
model disturbs the flow and invalidates the experiment. 
In order to ensure that the flow in the tunnel achieves supersonic speed, the pressure ratio 
between the settling chamber and the back pressure has to be large enough to ensure that the 
nozzle is choked and the normal shock is downstream of the test section. If the settling chamber 
pressure is too low, the static pressure downstream of the nozzle is too low and a normal shock 
develops in or upstream of the test section and the flow becomes subsonic prior to passing the 
test section. Setting the settling chamber higher than required has no adverse effects on the 
experiment but should be avoided since it places unnecessary load on the facility and reduces run 
time [15] Table 1 gives the suggested settling chamber pressures for a desired Mach number. 
These are suggested minimum pressures and should serve as a starting point for an initial 
experimental set up.  
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Table 1 Settings 
Mach 
Number 
Settling 
Chamber 
pressure 
2 25 psig 
3 70 psig 
4 160 psig 
5 250 psig 
 
The settling chamber pressure is controlled by the 4-inch diaphragm-actuated control valve. This 
valve in turn is controlled by a solenoid valve which provides a regulated pressure to the 
diaphragm actuator. A feedback system from the settling chamber adjusts the control valve to 
where the desired preset settling chamber pressure is maintained by opening or closing the 
control valve.  
The solenoid valve is controlled via push buttons on the control panel and a 60-second 
timer. When the solenoid gets energized, the preset pressure is sent to the opening side of the 
diaphragm actuator and opens the control valve, as the settling chamber pressurizes the pressure 
is fed back to the control valve and the pressure difference between the set pressure and the 
settling chamber pressure maintains the control valve in a position where the preset pressure is 
maintained in the settling chamber. The tunnel will maintain flow until the timer has expired, the 
stop button is pushed, or the supply pressure is exhausted.  
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Flow Visualization 
 
One of the problems with analyzing supersonic flow is the fact that introducing any type of 
measurement device into the media will disturb and alter the flow to the point where the 
characteristics of the flow are changed and the experiment becomes invalid. Any probe, 
temperature or pressure for example, will create a shock which will alter the flow. In order to 
avoid any invasive techniques, non-intrusive optical measurements can be used.  
 
Theory 
 
Several types of flow visualizations and optical measurement methods are available which are 
non intrusive and will yield valuable information about the characteristics of the flow. The 
technique of Schlieren flow visualization is a valuable tool in the field of high-speed 
aerodynamics [18]. It enables the user to investigate and analyze flow features which are 
ordinarily invisible to the naked eye. The reference that was used extensively for the 
development of the Schlieren system used in this experiment was G.S. Settles textbook 
“Schlieren and Shadowgraph Techniques” [18]; it provides a very useful source of information 
on background and techniques for developing good Schlieren images 
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Flow Visualization Techniques 
 
Schlieren Flow Visualization 
 
A Schlieren system works on the basis of different refractive indices of gases at different 
densities and how parallel light is refracted at a different angle depending on the density of the 
gas through which it passes. Restricting the diffracted light at different levels results in an image 
that shows the density gradients by illuminating the projected image at different light intensities. 
 
Planar Laser Induced Fluorescence (PLIF) 
 
A planar sheet of laser light is projected on the test section; the flow to be studied is then seeded 
with a fluorescent substance [19]. The images are recorded by a camera which is set up 
perpendicular to the laser sheet. The resultant images show the seeded flow illuminated by the 
laser sheet. This was the method used to study the flow behavior of a transverse jet injected in a 
“flying wind tunnel” by Wang et al. [20].  
 
Planar Laser Mie Scattering (PLMS) 
 
This is another laser-based method which uses the Mie-Scattering of a laser sheet due to seeding 
of the flow by aerosols. PLMS was used by Fay and Rossmann to quantify jet penetration and 
mixing of transverse and oblique jets in supersonic flow [11]. 
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Rayleigh Scattering Concentration Measurements 
 
This method is a non-invasive way of determining concentration of species in a flowing medium. 
As light interacts with a molecule, the scattered light emitted from the molecule is dependent on 
the ‘scattering cross section’ of the molecule. Since each species has a different scattering cross 
section, the amount of light scattered or its intensity can be used to determine the concentration 
of a species in a medium. Menon used this method to determine mixing of a helium jet in a 
supersonic mainstream consisting of nitrogen [4]. 
 
MMAE Schlieren System 
 
The method used for the present experiment is a Schlieren imaging technique which takes 
advantage of the change in diffraction of a medium due to density gradients. These density 
gradients are due to shocks, expansion waves or temperature gradients or simply due to mixing 
of two gases of different densities.  
Figure 10 [18] shows a typical Z-type Schlieren setup. As light passes from one 
transparent medium to another, the path of the beam is deflected at the interface between the two 
media. This effect is caused by the difference in refractive index of each of the two media. This 
deflection is dependent on the difference in refractive index between the two media; for cases 
such as water and air the deflection of the light rays is easily noticed. Other cases where the 
difference between the refractive indexes is very small, the naked eye is unable to detect the 
change. Schlieren imaging can be used to make those changes in refractive index visible.  
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The density of a gas and its refractive index are related by Eq. 6 [18]: 
 
ρkn =−1  
[6] 
 
Where n represents the refractive index, k is the Gladstone-Dale coefficient, and ρ represents the 
density of the medium. This relation means that as the density of a gas changes so does the 
refractive index. The order of magnitude in which the refractive index changes is much smaller 
than that of the density and is why Schlieren Imaging becomes very useful as a tool for flow 
visualization. 
A Schlieren Image is created by passing a column of collimated light over the area where 
the density gradients are to be detected. The light after passing the test section is then collected 
by a lens or a mirror to a point. At or near the focal point of the mirror, a knife-edge is used to 
block a section of the light collected by the second mirror. Due to the different diffraction indices 
of the gas in the test-section, the light that collects at the focal point of the second mirror is offset 
from the un-diffracted light. The knife edge thus cuts off the light disproportional based on the 
change of diffraction index. The resulting image shows then lighter and darker regions 
depending on the density of the medium in the test section. 
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Figure 10 Typical Z-type Schlieren System[18] 
 
An application of Schlieren visualization to jet penetration into a supersonic flow was done by 
Hersch et al. [21]. The comparison between concentration measurements and densitometer 
measurements yielded satisfactory results; the visually located boundary of the jet is 
underestimated by at most 15%.  
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Setup 
 
Since no existing Schlieren system was available prior to the start of the thesis work, a custom 
setup was developed. The main components of the setup are optical components which were 
obtained as individual parts and then combined with a custom-built set of stands. This 
maintained the flexibility of a mobile system while ensuring that a vibration-free setup could be 
achieved. The main components of the Schlieren system consist of the following: 
 
 Light Source 
 Parabolic Mirrors 
 Knife Edge 
 Camera  
 Custom built stands. 
 
Light Source 
 
A point light source placed at the focal point of the first parabolic mirror is ideal for a quality 
Schlieren image. The light source used in this setup is a 120V halogen lamp. It is placed on a 
linear stage in order to adjust its position with respect to the first mirror. Creating a point source 
poses a challenge because the size of the filament is too big to obtain a clear image. This 
problem is addressed by placing an opaque diffuser with an adjustable-iris diaphragm and an 
adjustable slit between the lamp and the mirror at the focal point of the mirror. The light source 
can either be configured to a circular source, or using the adjustable slit, converted to a linear 
source. The orientation of the slit is coordinated with the orientation of the knife edge, and both 
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have to be in the same direction in order to improve the image quality. Using the linear slit 
source gives a clearer image but makes the system very sensitive to disturbance.  
 
Parabolic Mirrors 
 
Since a beam of collimated light is needed for the Schlieren imagery, in a z-type Schlieren 
system a parabolic mirror is placed with its focal point coinciding with the light source. This 
provides a beam of nearly parallel light across the test section. The second mirror is placed such 
that the second focal point is close to the knife edge. The mirrors used for the current setup are 6-
inch diameter mirrors with a focal length f of 60 inches. In order for the Schlieren system to 
work, the components are arranged off axis in the horizontal plane, resulting in an angle 2θ 
between the centerline of the parabolic mirror and the location of the knife edge and light source; 
see Fig 11 [18] for a schematic. These angles between the centerline of the collimated beam and 
the light source and knife edge should be equal.  
Most optical components are designed to work on-axis. The light source and knife edge are 
placed off axis, and as the light source is placed away from the axis of the mirror, a point light 
source in a comatic system is spread into a line. The result is a smeared point focus, for a z-type 
Schlieren system as is used here; this effect can be reduced and almost eliminated by placing the 
second mirror offset from the axis of the parabolic mirrors at the same angle as the light source 
but opposite. This procedure ensures that the Schlieren image is uniform in luminance and 
aberrations due to coma are minimized. Another aberration that occurs in this type of Schlieren is 
astigmatism which occurs due to the different path length from the light source to the mirror 
periphery [18]. The only way to reduce this effect is to ensure small off-axis angles.  
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Figure 11 Z Type Schlieren Setup [18] 
 
Knife Edge 
 
The purpose of the knife edge is to block a part of the image prior to projecting it onto a screen 
or onto a camera lens. Since the light is diffracted differently based on the density of the medium 
through which it passes, the composite image that appears at the focal point of the second mirror 
is ‘smeared’. The light that passes through the density region of one medium does not focus at 
the same focal point as the light that passes through another density. Thus the image is spread out 
based on the different densities present as shown in Fig. 12 [18]. As the knife edge blocks of the 
composite image, some areas on the resultant image are darker than others, and these areas are 
where the density caused the original image to be displaced towards the area that is cut off by the 
knife edge. As a result, lighter and darker areas on the resultant image show different densities in 
the test section.  
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The knife edge is a simple razor blade mounted on a set of linear stages which allow for 
exact adjustment of the cutoff plane to yield the desired image quality. Since the density 
gradients displace the light in all directions, the orientation of the knife edge determines the 
direction in which the density gradients are visualized. If the knife edge were placed in the 
vertical position, only diffractions in the horizontal plane are affected and only horizontal density 
gradients become visible, and the choice of placement depends on which features of the flow are 
of interest. The amount of cut off determines the sensitivity of the Schlieren system and has to be 
adjusted according to which features of the flow are of interest. As the sensitivity is increased, 
strong features tend to become over or under exposed and the feature becomes unclear. 
 
 
Figure 12 Schlieren Composite Image [18] 
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Camera 
 
The camera used for this experiment was a Panasonic digital video recorder, and either movies or 
stills can be taken with this device. It was also connected to a TV screen for observation during 
test runs or for image verification during adjustments. The manual settings on the camera were 
vital since auto focus does not work well with the Schlieren system. Also, the manual exposure 
setting was very valuable to enable the user to adjust the image brightness to provide lucid 
images which clearly show the density gradients. Since the video mode yields lower resolution, 
the still image feature of the camera was used for this experiment; a remote control for the 
camera was available which avoided any disturbance by pushing the shutter on the camera itself. 
 
Stands 
 
A set of five, adjustable stands with optical tables was also developed to place the Schlieren 
optics around the test section, see Fig 13. The stands feature a vertical adjustment via a lead 
screw, and the table can be adjusted to compensate for any unevenness of the floor. The stands 
were designed and built at the University of Central Florida. 
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Figure 13 Custom-made Schlieren Stand 
 
Since the quality and clarity of the resulting images is dependent on exact placement of the 
optical components with respect to each other, a system of linear stages was used to adjust each 
component. A certain degree of trial and error is required in the set up of the system since exact 
placement and a measurement of the distances and angles is not feasible. One useful tool to aid 
in adjusting the Schlieren system to obtain clear and focused images is to place a screw in the 
test section with a side view of the threads visible in the image; the focus can be easily adjusted 
by making the outline of the threads clearly distinguishable. The mobility of the system is also 
one of its downsides since it is susceptible to disturbance, and regular adjustment is necessary. 
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Post processing of the digital images allows the user to enhance certain features of the Schlieren 
pictures. The technique utilized in this experiment uses the gradient map feature in the 
educational version of Adobe Photoshop 6.0. This process consists of applying a color palette, 
either defined by the user or chosen from a predefined list, to the equivalent grayscale image of 
interest. The density gradients in the test section result only in light intensity variations in the 
image, thus the resulting post processed image shows the density gradients as different colored 
regions. 
 
Data Acquisition 
 
In order to determine limited quantitative measurements to characterize the flow, several 
pressure sensors are used and Fig.14 shows a schematic of the associated sensors and their 
connection with respect to the tunnel and test section. The stagnation pressure of the flow is 
measured by a pressure sensor connected to the feedback system that drives the control valve 
from the settling chamber pressure. The sensor to measure the pressure of the injectant gas is 
connected to the feed system that supplies the secondary gas close to the injection point. The 
static pressure downstream of the orifice is measured by four pressure taps drilled into the 
bottom plate of the test section. A K-type temperature sensor measures the temperature of the 
supply air in the settling chamber. The AT-MIO-16XE-50 data acquisition card from National 
Instruments along with the LabView computer interface is used to record the sensor data. The 
board features 16, single-ended analog input channels which can be configured to 8 differential 
input channels; the sample rate for this board is 20 kS/s. This is far in excess of what is required 
for this set up. The sample rate for this experiment was 100 S/s.  
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Figure 14 Schematic of Data Acquisition System 
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CHAPTER FOUR: EXPERIMENTAL PROCEDURE 
 
In this chapter, the procedure for the current experiment is outlined; Fig 15 shows all associated 
components and their functional connections. Since the run time of the tunnel is limited, care 
should be taken to ensure that all parts of the experiment are properly set up prior to running an 
experiment. It is advisable to perform a short test run to ensure that all components are properly 
configured.  
 
 
Figure 15 Schematic of Experimental Setup 
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The Tunnel  
 
First the nozzle plates in the throat section of the tunnel were adjusted to a throat height of 1.25 
inches; this gives a geometric area ratio of 3.2. Considering boundary layer effects which reduce 
the half height of the throat approximately by 10%, the effective area ratio is 3.56 which will, for 
ideal isentropic flow with no losses, accelerate the air to a Mach number of approximately 2.8 in 
the test section. Wear and tear has resulted in a very inaccurate adjustment mechanism of the 
nozzle plates, and in order to exactly set the throat area, the side of the nozzle section has to be 
removed and the throat height has to be verified by directly measuring the distance between the 
nozzle plates at the throat. 
 Next, the new test section was attached to the existing wind tunnel. Care had to be taken to 
ensure that the opening of the existing section and that of the new test section were perfectly 
aligned; a step or gap between the sections results in a shock wave being generated in the free 
stream which results in a lower than desired Mach number, and also the shock would potentially 
interfere with the flow features generated by the jet and thus skew the results. 
Several test runs were performed to ensure that the interface area upstream and 
downstream of the test section where it bolts to the existing structure is properly sealed to avoid 
any outside air leaking into the free stream and disturbing the flow. At this point, it was noticed 
that the upstream interface of the test section had a less than perfect fit with the existing tunnel. 
Also, the Tunnel was designed to originally use only the built-in test section. As a result, the area 
that is exposed to flow downstream of the original test section features some additional structures 
such as retaining clips on the top and bottom which had no negative affect on the flow in the 
original test section but which resulted in several Mach waves in the new test section which is 
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downstream of this area. An effort was made to smooth these areas using body filler with only 
limited success. As a result, secondary compression waves are still present in the present system 
and could not be avoided.  
The bottom plate of the new test section was machined with four static pressure ports and one 
exchangeable injector orifice; see Fig. 16 for a schematic. Once the test section was installed and 
the facility was run and leak checked, a stainless steel tubing assembly was attached to the 
injector orifice which connected to the supply bottle for the gas which would be injected. For the 
current test setup, an orifice size of 0.0625 inches was chosen.  
 
 
Figure 16 Bottom of New Test Section 
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Sensors And Data Acquisition System 
 
An Omega 0-500 psig pressure transducer (model number PX300-500GV) was connected to a 
tee in the tubing to measure the injectant supply pressure. A second transducer of the same type 
was used to measure the stagnation pressure of the flow. This type of transducer requires a 10 V 
excitation and gives a mV reading; due to the low voltage reading, the signal was susceptible to 
noise and had to be connected to a set of resistors which reduced any interference.  
Next, the static pressure ports were connected to their respective transducers. The transducers 
used for the static pressure were double-ported MPX5700DP sensors. Since the static pressure in 
the test section will be lower than ambient the suction port of the transducer was used and the 
resultant reading was be compensated using ambient pressure of 14.7 psi in order to correlate the 
static pressure with the stagnation pressure in the settling chamber. The source voltage for the 
static pressure sensors was supplied by the data acquisition system; the signal was in the 0-5 volt 
range and did not require any noise reduction. The data acquisition card used for this experiment 
was the AT-MIO-16XE-50 from National Instruments. This card features 16 analog channels 
which were configured for a differential reading between two channels for each sensor. This 
reduced any noise and interference for the signals. For the Omega sensors, a 500Ω resistor was 
wired from each channel to a common ground to reduce any interference. A predefined LabView 
program was slightly modified to read the sensors at 100 S/s for 40 seconds during each run. The 
resulting data files were saved on the local computer and then analyzed and graphically 
represented using EXCEL. 
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Injectant Gas Supply 
 
The injected gasses used for this set of experiments were Argon and Helium and were supplied 
from two K-bottle type pressurized cylinders. The gasses where regulated down and adjusted to 
50-300 psig in order to control the jet-to-free stream momentum flux ratio. A ball-type shutoff 
valve was used to control the gas flow in an on/off fashion in order to quickly shut off the gas 
supply to avoid any waste. Both gasses have the same specific heat ratio γ but differ in molecular 
weight. Since the pressure measured in the gas supply line represents the total pressure, the 
actual static pressure at the jet exit is a calculated value based on the jet exit Mach number. The 
injector geometry is that of a straight orifice which results in a sonic jet exit velocity. 
 
Schlieren 
 
The Schlieren visualization system was set up as close to the tunnel as possible to reduce any 
optical aberrations. Limited room in the facility and adjacent experimental setups somewhat 
constrained the present setup. Since the setup is very sensitive to displacement of the individual 
components, the remaining setup such as lines for the injected gas and cabling for the data 
acquisition system had to be installed first. 
In the current configuration, the knife edge was placed in the vertical position with a 
circular light source. In Fig. 17, a schematic of the Schlieren system for the supersonic wind 
tunnel at UCF is shown. 
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Figure 17 Schlieren Setup 
 
Varied Parameters 
 
In order to compare the results of the experiment with established data, the following parameters 
were varied for each run. 1) The pressure of the injected gas which affected the momentum flux 
ratio and, 2) the gas used for injection which in this case resulted in changing the molecular 
weight of the gas. The Mach number of the flow was kept constant (since an adjustment of the 
nozzle plates would result in increased shocks from upstream interference). Table 2 shows the 
parameters of interest for the runs performed, since the stagnation pressure was not constant and 
as a result the momentum flux ratio also varied the lowest value of the momentum flux ratio was 
given in the table for each run. The Mach number of the free stream was calculated based on the 
pressure ratio between the stagnation pressure of the incoming flow measured in the settling 
chamber and the static pressure measured at the static pressure taps downstream of the injector 
orifice. 
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 Finally the momentum flux ratio was calculated based on the calculated Mach number of the 
flow, the measured static pressure of the flow, the assumed Mach number of the jet, and the 
measured total pressure of the jet.  
 
Table 2 Parameters 
 Gas 
Stagnation 
Pressure, 
psia 
Injectant 
Pressure, 
psia 
Momentum 
Flux Ratio 
Mach 
# 
Run 3 Argon 145.33 128.78 0.94 3.21 
Run 4 Argon 148.48 129.00 0.97 3.22 
Run 5 Argon 148.84 148.21 1.05 3.18 
Run 11 Argon 135.23 75.14 0.59 3.18 
Run 12 Argon 142.77 75.58 0.56 3.27 
Run 13 Argon 123.89 136.81 1.17 3.18 
Run 14 Argon 147.09 189.79 1.37 3.22 
Run 15 Argon 156.60 192.13 1.30 3.23 
Run 21 Argon 124.69 195.78 1.66 3.18 
Run 23 Argon 133.25 252.56 2.01 3.17 
Run 31 Helium 148.40 107.15 0.76 3.17 
Run 41 Helium 137.79 127.24 0.98 3.18 
Run 42 Helium 139.18 254.90 1.94 3.21 
Run 43 Helium 141.09 305.39 2.29 3.22 
 
The qualitative data that were used to analyze the results were the penetration depth and 
trajectory of the jet as it enters the free stream. Also the images were investigated qualitatively to 
determine which flow features of the jet are visible to in order to determine the effectiveness of 
the Schlieren system and validity of the experiment.  
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Experimental Procedure 
 
Once the test set up was complete and the tank was pressurized to approximately 200 psig, the 
control panel was activated; at this point a single push button would energize the control 
solenoid and start the tunnel. The data acquisition system was configured with a 10 second delay 
prior to recording any data and turned on; this would avoid unnecessarily large data files with no 
usable data since several other steps were taken prior to activating the tunnel. Next, the digital 
camera was started to begin recording of the Schlieren images. Then the shut off valve on the 
injected gas supply was opened. Finally, the control solenoid was energized once the 10 second 
timer on the data acquisition system had expired and data were being recorded. This would open 
the settling chamber control valve after a 2 second delay to start the tunnel. The runs were 
limited to approximately 30 seconds, so the entire tunnel supply tank would not be exhausted, 
reducing recovery time during runs. Once the run was complete, the secondary gas was shut off 
and the digital camera was stopped. The data acquisition system was timed to record for 40 
seconds and then stopped, prompting the user to save the file.  
Depending on how far the tank was drained, recovery time to pressurize the tank was 
about 20 minutes. During this time, any changes to the experiment such as changing jet pressure 
or adjustment of the Schlieren system were performed.  
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CHAPTER FIVE: FINDINGS 
 
In this chapter, the results from the outlined experiments are analyzed and their validity is 
compared to previous tests and experiments. The images which have been obtained using the 
Schlieren system are compared to schematics of expected features as well as trajectories of the 
shocks and jet plume. Also, to analyze the functionality of the tunnel, the sensor readings from 
several runs are evaluated and compared with expected values. The penetration height of the jet 
is compared to previously developed models and data available from previous experiments. 
In addition, a comparison is made between Schlieren images obtained when the tunnel 
was initially reassembled and another Schlieren setup was used which was temporary setup.  
 
Image Analysis 
 
In this section, the images obtained using the new Schlieren system are evaluated. The images 
are not only used in the original recorded format but also subjected to post processing to enhance 
any features that are minute and could not be detected without modification. In addition to the 
images from the jet in cross flow experiment, other images taken with the current Schlieren 
system are also analyzed, and a comparison to images obtained with a previous Schlieren system 
is done.  
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Jet In Cross Flow Images 
 
The flow structures that develop as a jet of secondary gas is injected into a supersonic cross flow 
are very complex. A measure of how effective the Schlieren system truly is, is its ability to detect 
the expected features in the flow. In Fig. 5, a representation of the main features of the 
interaction of a jet in supersonic cross flow is given. In the Fig. 18, an actual image of such a jet 
is shown with all of the expected flow features. 
 
  
Figure 18 Schlieren Image of Jet in Crossflow 
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In order to improve the ability to detect certain flow features, the Schlieren images are subjected 
to post processing to further enhance visibility of very minute density gradients. The image in 
Fig. 19 shows a side-by-side view of an image before and after applying a gradient map to 
enhance the visibility of the jet after it turns into the main flow. 
 
 
Figure 19 Gradient Map of Schlieren Image 
  
Since the Schlieren system was not only developed for use with this experiment, other images 
obtained using the set up are also presented.  
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Additional Schlieren Images 
 
In addition to the images obtained in the current experiment, the Schlieren system was also used 
to present flow visualization of other tests run in the UCF supersonic wind tunnel. With the 
original test section installed, several models are available to be subjected to supersonic flow 
conditions. Figures 20 and 21 show the flow over a conical model, at two different Mach 
numbers. The conical shocks and expansion fans are clearly visible; also the effect of increasing 
the Mach number for the case in Fig. 21 is shown as the conical shock angle decreases with 
increasing Mach number. 
 
 
Figure 20 Conical Body in Supersonic Flow 1 
 
49 
 
Figure 21 Conical Body in Supersonic Flow 2 
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An interesting feature becomes visible as a blunt body is subjected to the supersonic flow. 
Multiple images were taken during the run, as the supply tank pressure dropped, and as a result 
the settling chamber pressure also dropped and the flow slowed down. This resulted in what 
appears to be the boundary layer detaching as the Mach number dropped. Exact Mach number 
values are not available since the images were taken when the flow was highly unsteady. See 
Fig. 22 for the comparison; the upper section shows the flow at a higher Mach number. 
 
 
Figure 22 Comparison of Blunt Body Flow Features 
 
Comparison With Earlier UCF Schlieren System 
 
As the tunnel was initially reassembled, a Schlieren System used on a different experiment was 
temporarily set up to show shock waves with the original test section and models that would 
provide different flow structures. No proficient imaging system was available at the time and the 
adjustment of the individual optical components was very limited. 
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 Figure 23 shows an image of a 2D wedge in supersonic flow captured from the projection screen 
of the initial Schlieren system. 
 
 
Figure 23 Original Schlieren Image of 2D Wedge 
 
Figure 24 shows an image of a half sphere also in supersonic flow. Both images show clearly the 
oblique shock in the wedge case and the bow shock in the case of the blunt body, but the image 
is lacking in light intensity and resolution when compared to images taken with the present setup. 
 
 
Figure 24 Original Schlieren Image of Blunt Body 
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For example, the following figures show images taken with the current Schlieren setup.  
 
 
Figure 25 New Schlieren System Image of Blunt Body 
 
The first image, Fig. 25, the shocks are much more defined and the overall quality of the picture 
allows for more detailed representation of flow features when compared to Fig. 24. Figure 26 
shows the front section of a conical model in supersonic flow with the improved Schlieren 
System. 
 
 
Figure 26 New Schlieren System Image of Conical Body 
 
53 
Again, a much clearer image is available and, although the bodies are different in shape, the flow 
features are similar. Using the new setup, features such as the expansion fan are much more 
distinguishable than in the images obtained in the original setup. 
 
Sensor Data  
 
In this section, the quantitative data recorded by the data acquisition system are given and 
interpreted. As outlined in the previous section, the data that were taken consisted of the 
stagnation pressure, 4 static pressures downstream of the injector and the total pressure of the 
injectant. To determine the ideal Mach number of the flow, the static pressure and stagnation 
pressure are used along with the specific heat ratio and are applied to Eq. 5. The following graph, 
Fig. 27, shows the Mach number of the flow for the baseline case with no injection through the 
orifice. The Mach number appears to be reasonably constant after the initial startup transients, 
for approximately 15-20 seconds, at a calculated value of approximately 3.0 to 3.1 depending on 
which port is chosen. This value is close to the value based on the area ratio calculation which 
predicted a Mach number of 2.8. for this experiment the calculate value of the Mach number 
based on the pressure ratio will be used since the transient nature of the Mach number is 
reflected, although the value of the Mach number based on the area ratio would be closer to the 
actual value since in the pressure ratio calculation any losses upstream of the test section are not 
considered. The value for the Mach number calculated on the static pressure drops slightly with 
increasing downstream distance which is likely due to friction or compression waves in the test 
section; although shocks and friction reduce the total pressure of the flow and thus have an effect 
on the Mach number,  
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since the total pressure at the port location is not used in the calculation, the decrease in Mach 
number as the point of measurement is moved downstream should not be apparent. Yet, as the 
flow slows down, the static pressure increases, which then is seen in the calculated Mach 
number.  
 
 
Figure 27 Mach number Baseline Derived from Pressure Readings 
 
In order to determine the effect of the injection on the flow in the test section, Fig. 28 compares 
the Mach number based on the static pressure at the first port 1.5 inches downstream of the 
injector. It appears that the injection has little to no effect on the flow, which is somewhat 
counter intuitive since the injected gas creates a bow-shock which should result in a deceleration 
of the flow.  
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On the other hand, since the calculation of the Mach number is based on the stagnation pressure 
of the flow and this pressure is measured at the settling chamber, any losses due to shocks and 
other irreversibilities are not considered in the calculation, which would explain these results, 
and further show that a method of calculating the Mach number based on actual flow conditions 
is warranted. 
 
 
Figure 28  Mach Number at Port 1  
 
One important consideration that has to be made when analyzing any data is the fact that the 
flow through the tunnel is transient. As the supply tank is vented through the tunnel, the 
stagnations pressure drops continuously. 
 
56 
 As long as the pressure in the settling chamber is high enough to maintain the nozzle choked and 
the shock does not enter the test section, the Mach number is reasonably constant. On the other 
hand, when calculating the momentum flux ratio between the jet and the freestream, the dropping 
stagnation pressure results in a drop in static pressure of the flow. The Mach number is 
unaffected by that, but since the momentum flux ratio is dependent on the static pressure ratio of 
the jet and free stream, it also changes and continuously increases during each test run. This fact 
had a negative impact on the comparison between quantitative data and the qualitative results 
from the Schlieren system since no exact correlation between the images and the data was 
possible. Figure 29 shows a graph of the Mach number based on the static pressure at the first 
port down stream of the orifice, the stagnation pressure and the momentum flux ratio during a 
typical test run using Argon as the injectant test gas. 
 
 
Figure 29 Test Run 21 
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Measuring Penetration Height 
 
The plan for this section of the report, was to use the images obtained using the Schlieren system 
and determine the height of the jet penetration into the cross flow. These data could then be 
compared to previous work done by Malmuth [13], who developed an analytical model for the 
relation between momentum flux ratio and scaled penetration height. Although the Schlieren 
images do not give a clearly defined boundary of the jet, post processing of the images gives a 
general idea of where the edge of the jet is located. Figure 30 shows a combination of images 
taken during a single run. The picture is modified using gradient mapping, and the jet is shown 
as a dark area just behind the bow shock. The images were taken during Run 13; the injectant gas 
was Argon with a pressure of 136 psia. The time between each exposure is approximately 4 
seconds.  
 
 
Figure 30 Schlieren of Jet during Run 13  
 
This image also shows the drawback of the current experimental setup. The momentum flux ratio 
is not constant during each run, as mentioned in the previous section. This variation results in a 
non-constant penetration height. As the stagnation pressure decreases, the momentum flux ratio 
increases and the jet penetration height changes. 
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 This is shown in Fig. 31 where three images of the jet during a test run are combined after 
gradient mapping to enhance the visibility of the jet. Here, as the run progresses the change of 
the height of the jet is visible. Since no correlation exists between the sensor data and the images 
it is not possible to assign one image with a particular momentum ratio as was previously hoped.  
 
 
Figure 31 Schlieren of Jet during Run 14 
 
Using the analytical approach from Eq. 2, the height of the jet at distance of 0.10 inches 
downstream of the injector is calculated based upon the changing momentum flux ratio. In Fig. 
32, the calculated height is plotted over time for several runs. This result is supported by the 
images represented in Fig. 30, Fig. 31 and Fig. 33 which show how the bow shock and jet 
increase in height during the run.  
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Figure 32 Calculated Penetration Height 
 
For the same run for from which the data for Fig. 32 was obtained (run 12), the following 
Schlieren image (Fig. 33) shows an overlay of three images taken during the test run. The images 
were taken with a time interval of 6 seconds between each image. The color enhancement shows 
three distinguishable bow shocks that are displaced as a result of the changing momentum flux 
ratio. 
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Figure 33 Combined Images Run 12 
 
In order to validate the analytical results of the height calculation based on the measured 
pressures, the height of the jet for run 23 was measured at 29 different times and plotted together 
with the calculated height for the same run. Again, as previously mentioned, since the times at 
which the images where taken could not be easily correlated to the data for the corresponding 
image a slight offset, along the time axis is expected. The location for the measuring the jet 
height was chosen to be 0.1 inches downstream of the injector, where the analytical 
approximation is still expected to be valid. The measurements were taken using images to which 
the gradient mapping technique was applied. The jet border was chosen to be the area where 
steepest gradient was detected. Figure 34 shows the plot of the calculated height along with the 
measured height over time. 
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Figure 34 Calculated Height and Measure Height Run 23  
 
The measured and the calculated value appear to differ by an almost constant value of 0.1 inches, 
there are several possible explanations for this error; either the difference between the calculated 
and actual Mach number, or error during the measuring process. Since the offset is almost 
constant the source of the error is likely due to scaling during the measuring process of the actual 
height. Despite the offset between the calculated and measured values the similarity in slope and 
shape of the graphs for both cases support the analytical model and show the validity of the 
experiment. 
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The majority of test runs were performed using Argon as a test gas, and Helium was the 
second gas used in the experiment. According to previous work [22], the molecular weight of the 
gas has little to no influence on the penetration depth. Since Helium and Argon have identical 
specific heat ratios there should be no difference in the resulting flow structures. A comparison 
of two similar test cases for Helium during run 31 and Argon during run 12 is shown in Fig. 35 
with Helium shown as the slight green bow shock. In order to compare both cases the images 
were chosen to be approximately when the momentum ratio was equal, then one image was 
superimposed over the other with a slight offset to maintain visibility of the each. As a measure 
of penetration height, the bow shock was chosen. Although this does not represent the actual 
height of the jet, it serves as a good feature to compare both cases.  The results show agreement 
with the literature to where there is little or no distinguishable difference in height between both 
cases if the images are aligned spatially. To reiterate, the images are taken at approximately the 
same momentum ratio due to the fact that the momentum ratio is non steady during a test run. 
Unless timed images are available, an exact comparison is not possible, but given the fact that 
the penetration varies only by about 10% from the average (Fig. 32) such a comparison is sound. 
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Figure 35 Argon R=0.71 vs. Helium R=0.79 Injection  
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CHAPTER SIX: CONCLUSION 
Summary 
 
The development of an experimental procedure for analysis of a jet in cross flow was given in 
this thesis. The methods used to evaluate the behavior of such a flow were Schlieren flow 
visualization for qualitative results and a data acquisition system to determine quantitative data 
such as Mach number and momentum flux ratio of the free stream and the injected gas. The 
results indicate that the Schlieren system that was developed to support this experiment 
successfully enables the user to visualize pertinent features of the flow. While there is a limit to 
what can be visualized and how much post processing can be done, the Schlieren system 
functioned within the expected parameters. A wide array of images has been taken of which only 
a small portion was represented in this thesis. Also, the ability to record video of the test run is a 
useful feature which shows transient features of this and any other experiments in the fields of 
high speed aerodynamics. 
The test section that was developed for this experiment and attached to the existing 
facility works successfully. Although only one orifice diameter was used, it will provide any 
future user with an extended testing facility for further investigation into this topic. An issue 
arises though with the interface to the existing test section, and further work and improvement is 
suggested and discussed briefly in the following section. 
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The results obtained show that the data acquisition system and associated sensors 
performed according to expectations. The accuracy and speed at which the data were taken was 
sufficient for this experiment. Since the experiment attempted to correlate the quantitative data 
with the images taken using the Schlieren system, the transient nature of the flow precluded any 
exact results, although a comparison between the measured height of the jet and the calculated 
height agree to a certain extend.  
Recommendations 
 
The quantitative data also show that some improvement in the setup is warranted. In order to 
properly determine the Mach number of the flow, additional test equipment is required such as a 
total pressure probe for the test section, and a model holder to calculate the Mach number based 
on an oblique shock as a backup to the calculation based on the total pressure and/or area ratio. 
Additionally, the current test setup with the new test section connected to the existing facilities 
subjects the test to unnecessary flow disturbances which affect the Mach number of the flow and 
possibly affect the behavior of the jet mixing. If the new test section will be used in a similar 
fashion, a rework of the interface between the existing and the new test section is required. In the 
current condition, the irregularities between both parts result in a large number of Mach waves 
which seemed to have no negative influence on this experiment but could interfere with any 
further work or experiments using this equipment. Enhancements to the tunnel itself are also 
suggested, as a demonstrative tool for supersonic flow phenomena it serves well and enables the 
student to gain on-hand experience with high-speed flow testing, As a scientific tool though, it 
has some room for improvement.  
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The pneumatic control system is rather slow and un-predictive, and also it was noticed that the 
control over the settling chamber pressure is unresponsive. Furthermore, due to the age of the 
facilities, corrosion and wear have taken their toll. The nozzle plate adjustment has excessive 
play, which makes control over the Mach number rather complicated. Additionally, the nozzle 
plates which are among the more critical features of the tunnel show signs of corrosion and 
surface wear, all of which have a negative affect on the flow. 
A viable improvement to the testing facilities would be the addition of a new flow 
visualization system. The current test section would facilitate a glass top section instead of the 
current aluminum. Along with the proper laser imaging equipment, a better system for 
concentration measurements could be obtained.  
Furthermore, transient conditions during the test run would require an imaging system 
that correlates the data taken to the images. In order to connect the current conditions at which 
the image is taken to the image itself, this would require a new imaging device which would be 
controlled by the same computer which is performing the data acquisition. 
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APPENDIX A 
OPERATION OF THE UCF SUPERSONIC WIND TUNNEL 
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Before operating the wind tunnel the user should familiarize him/her with the facility and study 
the operating manual. Since the tunnel uses large volumes of pressurized air all safety 
precautions have to be followed.  
The tunnel consists of the following subsystems: 
Compressor with high-pressure storage tank 
Air dryer 
Control Valve system 
Nozzle section 
Sting assembly / test section 
Control Panel 
System Function Overview 
 
The supersonic wind tunnel works as follows: 
The pressurized air from the tank flows through the control valves and enters the settling 
chamber. The control valves then adjust to maintain a preset pressure in the settling chamber. 
From the settling chamber the air flows through the nozzle section. The pressure in the settling 
chamber is now set to ensure a choked condition at the nozzle throat. The air is accelerated 
through the nozzle section to the test section where it reaches the desired Mach number with was 
set based on the nozzle plate deflection. Various pressure taps are available to measure the 
pressure in the nozzle section and on the models. 
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Proceed in the following order to operate the wind tunnel 
1. Close main gate valve if not closed already 
2. Turn on the air dryer 
3. Check all connections between computer and hardware 
4. Turn on the computer 
5. Wait till the dryer reaches operating temperature 
6. Turn on the compressor 
7. Pressurize the tank to 200-230 psig 
8. Turn off compressor once desired pressure is reached. 
9. Open the test section by removing the four pins and rolling the test section back. 
10. Connect the pressure lines to the pressure taps on model and place the model in the test 
section. 
11. Connect the lines from the sensors to the desired pressure taps on the tunnel or the model 
12. Check that the model is secured in the sting and all pressure lines are clear. 
13. Check the sensors from which readings are to be taken 
14. Close the test section and put in the 4 pins to secure the test section 
15. Inflate the tube that seals the diffuser. 
16. Turn key on panel to “ON” 
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17. On the panel, adjust the settling chamber pressure according to the following Mach 
numbers: 
 
Mach 
Number 
Settling 
Chamber 
pressure 
2 25 psig 
3 70 psig 
4 160 psig 
5 250 psig 
 
 
18. For Mach numbers in between those listed above, set the pressure to the next higher value 
19. Open the Main Gate Valve 
20. The tunnel is now ready to run. 
21. Put on ear protection!! 
22. Activate any data acquisition software if being used 
23. Set the timer on the control panel  
24. Push the start button on the control panel or the remote  
25. To stop the tunnel, push the stop button 
26. If no further test runs are to be done on the same model, close the Main Gate Valve. 
(THIS IS VERY IMPORTANT!!!) 
27. To make further runs on the same model: 
28. Check to make sure tank pressure is sufficient (if not, restart compressor) 
29. Turn off compressor once desired pressure is reached (not to exceed 250 psig). 
30. Start at step 13 above 
31. When testing is complete  
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32. Close the Main Gate Valve  
33. Shut off compressor 
34. Turn the key on control panel to “OFF” 
35. Open Test section and remove model 
36. Vent remaining pressurized air in Tank 
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APPENDIX B 
DRAWINGS 
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